Introduction
Vesicular-arbuscular (VA) mycorrhizae are nearly universal in their occurrence on flowering plants growing in natural soil conditions and the fungi involved in these associations constitute an important component of the soil microflora (12). Renewed interest in VA mycorrhizal associations was stimulated by Mosse's demonstration of VA mycorrhizal development by an Endogone sp. and correlation of increased plant growth with mycorrhizal infections (9, 10) . Research conducted during the last decade has focused on geographic distribution, host range, and the relationship of mycorrhizal associations with improved plant nutrition. These findings have been reviewed by Gerdemann (4) and Mosse (1 1) .
Light microscopic studies of VA mycorrhizae have included descriptions of the distribution, development, and digestion of fungal structures in the root (2, 5, 7, 8) . However, resolution and depth of field at the light microscope level are limited and are especially restrictive in determining the three-dimensional morphology and spatial relationships of endophytic structures within host cells. Consequently, we have used scanning electron microscopy (SEM) to elucidate the morphological characteristics of VA symbionts and have used stereoscopic techniques to define spatial relationships of the endophyte in situ.
Materials and Methods
One-year-old yellow poplar (Liriodendron tulipifera L.) seedlings with natural mycorrhizal infections were used in the study. The predominant VA symbiont associated with infected roots was Glomlrs mosseae (Nicol. & Gerd.) Gerd. & Trappe. Chlamydospores of this fungus were consistently collected by wet skving of soil samples (3) taken directly from around root systems.
The roots were washed briefly with water to remove soil particles and one hundred I-cm segments were excised from roots of several seedlings. The specimens were fixed with 3% glutaraldehyde -3% acrolein in a 0.1 M K-KZ phosphate buffer, pH 6.8, for 6-12 h at room temperature. After several rinses and an overnight wash in the buffer, the specimens were postfixed in phosphate buffered 2% 0 s O 4 for 6-12 h at 4°C. The samples were rinsed with several changes of the buffer and were split longitudinally with a sharp razor blade to expose the maximum interior area of the cortical cells for SEM. One-half of the sectioned roots, which retained host 'Received December 27, 1974.
cytoplasmic components, were dehydrated to absolute ZContribution from the Missouri Agriculture Experiethanol followed by a graded ethanol -amyl acetate ment Station. Approved by the Director as Journal series series and were subsequently dried using Anderson's (1) paper 7144.
critical-point method. The remaining root sections were treated to remove cytoplasm and organelles from the exposed cortical cells before critical-point drying (6) . All specimens were mounted on stubs with conductive cement and coated with gold in a vacuum evaporator. These were examined in a JEOL JSM-SI scanning electron microscope operating at an accelerating voltage of 10 kV. Stereopairs were taken using a separation angle of 12" between individual micrographs and were mounted for viewing with a pocket stereoscope.
Results and Discussion
Because of the care taken in the mechanical handling of specimens during processing, nearly all of the exposed root surfaces were suitable for SEM and the interior of several hundred cells in each segment were examined. Although many of the endophytic structures were severed as a result of the longitudinal razor cut, their original position within host cells was generally retained. Displacement and (or) damage was easily recognized upon examination of stereopairs. These cellular changes were not apparent in single SEM micrographs. Most of the root segments were heavily infected and showed the characteristic distribution of VA endophytes within the root cortex (Fig. I) . Intracellular hyphae were abundant in the outer and central areas of the cortex. Development of coiled hyphae was greatest in the central cortical area while the inner cortex adjacent to these cells typically contained arbuscules. Extramatrical hyphae of the endophyte were also observed on the root surface. Vesicles occurred predominantly in areas of extensive hyphal development (Fig. 2) . These structures frequently filled the interior of the host cells. The morphological details of mature arbuscules in untreated samples were largely obscured by the host cytoplasm which surrounded these structures. While only the trunk, major branches, or occasionally, bifurcate terminal branches were clearly defined, it was apparent that arbuscules occupied a substantial portion of the host cell volume (Fig. 3) . The actual cell volume occupied by mature arbuscules, as well as their distinct dichotomously branched habit, was clearly visible in samples from which host cytoplasmic components were removed. The arbuscules were located in the central portion of the cell and were globose in outline. At the light microscope level, the earliest detectable change in the morphology of arbuscules undergoing digestion is the appearance of a granular material at the terminal portions of fine branches. Our transmission electron microscopic observations, to be published later, showed that the earlier stages of digestion are manifested by collapse of a few bifurcate terminal hyphae. This was also observed in stereopairs as shown in Fig. 4 . Such extremely subtle morphological changes were not readily apparent in single SEM micrographs and could not be detected with host cytoplasm present. Arbuscules in later stages of digestion were identified in untreated samples by a pronounced tendency of major branch systems of a single arbuscule to form several distinct, irregular bodies connected to larger branches or to the trunk itself (Fig. 5) . Examination of clumps which were fractured during preparation indicated that the structural integrity of most of the peripheral arbuscular branches had been destroyed. The clumps were much more distinct in samples processed to remove host cytoplasm. Further, arbuscules in a more advanced state of digestion showed collapse of the main trunk and the major branches (Fig. 6) . However, collapse of these structures was often difficult to detect unless they were viewed in stereo.
Scanning electron stereoscopy more clearly defined three-dimensional morphology and spatial relationships of the endophyte within the cells of mycorrhizal roots than has been possible at the light microscope level. However, application of stereoscopic techniques combined with removal of host cell cytoplasm permitted observation of initial morphological changes in arbuscules undergoing digestion, which were not detectable by light microscopic examination and were not readily apparent in single SEM micrographs. The value of such observations, in our experience, has been to facilitate and substantiate interpretation of transmission electron micrographs in studies of arbuscular ontogeny since only a minute portion of this complex structure is represented in ultrathin section.
